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ABSTRACT

Alterations occur in human electrolyte balance and serum concentration during
infectious diseases. To explore these alterations in greater detail, electrolyte
metabolism has been investigated in rhesus monkeys with a sub-lethal illness in-

duced by intravenous inoculatior with Salmonella typhimurium. Response to illness *

was evaluated by measurements of serum and muscle electrolyte composition and renai
function. In the animals with ad libitum dietary intake, a loss in muscle and
serum potassium concenfrations‘became evident within 24 hours after.jnoculatioh
«uring the febrile phase of illness. Serum and muscle K,concéntrations returned
to normal after five days of illness. Sodium and water content of muscle respond-
ed in a more compléx patfern. During fever,‘muscle sodium and water increased and
sodium conqentrat1ons in serum and urine were e]evated.. This appegred to bé due
to the greater relative retention of water than of sodium in muséle which lgd to
increased concentrations of sodium in serum and in the renal filtered load. The
intracellular nature of the increased muscle water was documented with dire;t'de-
tefminatjon of fiber composition by Electron Probe Microanalysis.‘ During con-
valescence, a renal retention of sodium was marked and overlapped thg period of
weight loss énd increasing urine volume. This asynchrony in return'of normal renal
fﬁnction appeared to be the cause of relativel} large swings in plasma sodium con-
centrations during the early convalescent period. During this period.'muscle water
and sqqium concentrations were fncreased when serum sodium concentrations wera re-

duced and. reduced when serum sodium was elevated. These investigations indicate

~that the altered serum concentrations in infectious diseases are a complex algebraic

sum of renal and extrafena]lfactors which control electrolyte metabolism, and further,
that some of the most remarkable alterations occur curing early convalescence as.

renal function returns to normal.
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INTRODUCTION - ' | .

In prospective studies of infeétions in human volunteers and monkeys, a series
of metabolic responses have buen observed.which exaggeraté the effect oF anorexia on
electrolyte and water balance. The earliest renal response in monkeys was a depres-
sed free water clearance evident within two hours after intravenous inoculation with
virulent pneumococci (1). In the human, this was followed by a two or three day

period of renal wastage of sodium and‘chlbride without change in body weight (2). A

two or three day period of sodium retention associated with maximal aldosterone secre-

tion then occurred which coincided with the onset of clinical recovery, rapid diuresis

~and weight loss (3,4,5).

Reduced concentrations of serum Na and C]Idurfng infections have: been reported in
a number of clinical studies (5). In prospective human §tudies of tularemia and Q
fever (2).:falls in serum Na and C1 concentrations were obse;ved in thé first days
following recovery from the febrile response. These were transient but as profound as

10 mEq/L. In tularemia, hyponatremia and hypochloridemia ..occurred simultaneously

‘with maximum urinary aldosterone excretion (2). Urinary potassium concentrations in--

© creased and K balance became negative with the onset of the febrile response in ex-

perimental‘infections (2). ‘Urine K losses were poorly relatedlto urinary Na concen-
trations. In the experimental human infections with tularemia, sand fly fever and
Q féver. no significant alterations in serum K concentration were observed.

Muscle was observed to participate in the altered eleutrolyte metabolism of
severalAchildren who developed incidental infections while undergoing metabolic
16ve§tigations during nutritional recovery (6). Because muscle plays a major role in
extrarenal electrolyte metabolism, a series of experiments were designea to explpre
the role of skeletal muscle in the altered serum and urinary electrolyte concentra-
tions discﬁssed above. A descriptive investigation of muscle and serum chemical

composition in rhesus monkeys infected with Salmonella typhimurium was conducted.

These observations were extended in additional monkeys to explore physiological

.

- 8 & B SR, ., w2 R ARG . T e S B MEBE s 4 A A S



-2- P

correlates at the integrated and cellular levels.

MATERIALS AND METHODS

Animal Model

Nineteen rhesus monkeys (Mucaca mulatta) with body weights between 2.5 and 4.5

kg were maintained on Purina monkey chow during a six month isolation period prior to
experimentation. Two groups resided in individual cages throughout the study. * An
additional group was restrained in metabolic chaifs. During the experiment, the
animals received their usual water and diet ad libitum. Before all manipulative pro-
cedures, the monkeys received an intrémuscular injection of 1 mg/kg of a tranquilizer,
phencyc]idine (Sernyl(R)).

Test Procedure

Stock culture of Salmonella typhimurium was stored frozen (-60°F) in brain-heart

infusion broth containing 17% glycerine by volume. Prior to inoculation, a ;amp]e_df :

stock cqlture was‘thawed at room temperature. .Nutrient agar slants were inoculated
with 0.2 ml of stock culture and incubated at 37°C for 18 hours.. The nutrient agar
slant wés washed with phosphate buffered saline plus 1% nonmal-rabbit‘serum and gently
agitatéd; The yield of organisms per ml of wash was titrated reproducibly dy varying
the amount of saline and serum added to the agar slant._lThrée ml yielded .pproximately
1

3 x 108 organisms per ml. One ml of this titered inoculum, when administered intra-

venously to the rhesus monkey, consistently produced a febrile, non-lethal,fllhess.

Bloo& cultures were obtained at the time of each venapuncture during the experiments

to document the presence of bacteremia.

Experimental Procedure

‘Samples of skeletal muscle weighing 5 - 15 mg were obtained with a Baylor muscle
biopsy needle (Popper and Sons, Inc., New York, N.Y.) from the anterolateral thigh
of the monkéy. The exact time of biopsy was recorded with a stop watch. Serial
weights of muscle specimens were recorded immediately after biopsy_by using a Cahn

Electrobalance (Cahn Inst. Co., Pafamont, Ca.) in order to calculate the initial wet

weight of the bicpsy. The samples were then-analyzed for Na, K, C1, H20. myofibrillar’
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nitrogen, collagen nitrogen and total lipids by methods previously described (7).
Serum ion concentrations were measured by the same techniques. Serum osmalality was

measured by freezing point depression (Advanced Instruments, Inc., Newton Highlands,

Mass.).
Muscle samples from Group 111 animals were also analyzed by electron probe micro-
analysis {8). Using fine scissors, | mm blocks of muscle were removed from the biopsy

sample. These were frozen in liquid propane within 60 seconds of the initial exposure

WIR R S 2R S L ¥ mﬂm

of the sample to ambient conditions. The frozen samples were then transferred to a

cryostat where they were sectioned at 8y thickness, picked up on polished silicone

a2 T KU
.

' discs and lyophilized. Gelatine standards were prepared in the same mannar.

.

The electron probe utilized was an Applied Research Laboratories EMX-SM ‘ocated
in the Cellular Analytical Laboratory of the L. B. Johnson Space Center. Three crys-’
tal wavelength dispersive spectrometers were used for the simultaneous assay of potas-

sium, sodium and chloride. Silicone substrate signal was monitored with an addi.ional
Individual

BT P, AR T ", v,
-

non-dispersive spectrometer in order to determine the tissue density.

fibers were scanned using an electron beam with a measured diameter of 1.5, 2 10 KV
accelerating potential, and a sample emission current of 0.lwA. Calibration curves

were linear for potassium, sodium, chloride and tissue density.

N . WL s,
Bt

~ Experimental Protocols

. Three experiments are reported. In the first, Group I, five individually caged

8 S. typhimurium organisms. These

monkeys received intravenous inoculations of 10
monkeys developed a febrile illness with a subsequent 10% loss in body weight. Daily

rectal temperatures (Brown Instruments, Philadelphia, Pa., Model Y153 x 60) and body

weights were reéofded (Shadowgraph Scale, The Exact Weight Scale Co., Columbus, Ohio)}
Blood samples were cultured and muscle samples obtained for analyses a; 6, 24, 48, 72,
120, 168, 240 and 336 hours after inoculation. With the exceptiQn 6f the 6 hour obser-

vation, all sampling was dore between 9:00 and 11:00 A M. In order to determine the

LA AR G A 9= N -
R G Y FUReN
Rl g P S

normal range of muscle composition, these same monkeys had control samples of muscle

obtained at 72, 48, 24 and zero hours before the {nocu]ation. The samples at -48, :
' A\



.. ’

=24 and zero hours are referred to as experimental controls. One additional monkey

was subjected to the same experimehpal protocol as the Group I animals. This monkey

received an intravenous injection of 1 ml of sterile saline. Results from this

monkey have been included among the experimental controls.

From the viewpoint of the results of the Group.l investigation, questions arise
To

concerning the response of homeostatic controls to S. typhimurium septicemia.
explore these, an investigation was conducted in five additional monkeys, Group 1I, ¥

restrained in metabolic chairs and studied in the conscious state. Additional ani-

mals were investigated with this second protocol, however, only those monkeys with

*»

5 1

o

a pure blood culture of S. tyohimurium were accépted for iﬁclusion in this analysis

The chronic ureteral cannulations required for this experiment resulted in asympto-

matic bacteremia with other organisms in all six saline inoculated control. animals ‘
and mixed infections in three of eight monkeys inoculated with S. typhimurium. 2
Surgical procedures were accomplished 72 hours‘pfior to bacterial inoculation '
| 53:;

(O hours). Anesthesia was induced with sodium thioamytal inen intka&enously. Using

r“i‘\;:?

conventional sterile techniques, a midline abdominal incision was performed. Poly-

.,
R4

S,

ethylene catheters (PE-160) were inserted into both ureters and positioned in each

A
y 5.

renal pelvis. The external catheter tips were exteriorized through separate abdominal

2
atata?

v ey

sites and attached to a sterile, closed system for urine collection. Thrdugh a separ-

‘ate groin incision, a venous catheter (PE-100) was positioned high in the'inferior

"'.\.."..".."z .

vena cava via the femoral vein for infusions required for'physiologic function tests.
In addition, a teflon catheter (I.D. 0.042 in.) was inserted via the femoral artery

into the abdominal aorta for measurement of blood pressure and blood ;ampling. Mean

A AR & | A

LA 2

arterial ~lood pressure (MABP) was measured with Statham pressure transducer (Statham

Instruments, Inc., Oxnard, Calif. Model P23N6) connected to a Brush recorder (Gould,

]
K

Inc., Cleveland, Ohio). The arterial and venous catheters were flushed twice daily
with 5 ml of sterile saline solution containing 50 u/L of heparin. A thermocouple

was placed deep in the paraspinal muscles at the level of the first lumbar vertevra

S W e

for continuing monitoring of body temperature (Brown Instruments, Philadelphia, Pa.,

. ""_5_': DN
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Model Y153 x 60). |
Following surgery (-72 hours), the monkeys were studied at -48, -24, @, +72 and

+120 hours after inoculation with 108 S. typhimurium organisms at time zero. In addi-

t%on. blood was withdrawn daily for determination of serum electrolytes, osmolality,
and creatinine. Daily collections were made for determination of 24 hour urine
volume, osmolar and eleétrolyte excretion and creatinine excretion. Blood and urine
cultures were obtained at 48 aﬁd 96 hours.

Because of the blood loss required by these physiologic determinations, daily
arterial henbtocrits were determined. The Group II monkeys were transfused .with
pooled monkey red blood cells at -24}'+48 and + 96 hours after inoculation in order
to maintain an hematocrit above 25%.

Plasma and extracellular volume determirations, cardiac'output, renat function
and muscle sampling were accomplished at 0, 72 and 120 hours after inoculation.
Plasma volume was determined from optical density of serum‘lo minutes aftér intra- -
venous injection of 4 mg/kg of Evans blue dye. Extracél]ular volume was determiﬁed
by the metpod of Walser using Na253504 (Amersham-Searle). Twenty-five ic was in- ,
jected I.V. and plasma samples obtained at 0, 15, 20 and 25 minute intervals. Count-
ing was dono in a Liquid Scintillation System (Nuclear Chicago, 720 series) and re-
sults extrapolated to time O of determination of equilibrium distribution, Cardiac .
output was determined by indicator-di]utioﬁ curves following rapid injection of 5 mg
of cardiogreen dye (Hynson, Wescott and Dunning, Inc., Baltimbre. Md.) using the
Gilford 103 IR densitometer, 104 dye curve computer and 105 constant flow pump (Gil-
ford Instruments, Oberlin, Ohio).‘ Output was calculated as ml/min by the formula:

3 3_1.60
Cardiac output K TAF

where | was 5 mg of dye injected, AF the area factor from the computer, and K was a
constant derived from known concentrations of the dye in the pooled monkey blood.
Renal function was tesfed after appropriate loading doses of a solution of inulin

and PAH (1). A subsequent constant infusion of 0.125 ml/min maintained blood concen-

trations in the range of 10 - 20 and 1 -2 mg/DL plasma respectively. After a 90
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minute equilibration period, four hourly clearances were determinéd. Calculations
were standard clearance formulae. [nulin and PAH were rieasured in a fechnicon |
Autoana)yzer (Technicon Corp., Rochester, N.Y.) using a modification of the tech-
nique of‘Dearborn and Harvey (1). Creatinine analysis employea a mddification of the
procedure of Folin and Wu Zl).

When the data from the initial two experiments were compiled, it was observed
that alterations in electrolyte composition of serum and muscle af 120 hours after
inoculation presented an unusual pattern. Thfs was ;einvestigated in a third ex-

periment. Eight additional individually caged monkeys, Group IIl, received intra-

venous inoculations. Four received 5 x 108 aqd four 1 x 108 S. typﬁimurium organ- '
.. isms. The experimental procedures were carried out as Group I at O'and 120 hours
after inoculation. SeQeral additional analyses of serum concentrations were added
to this third experiment. They include hematocrit, serum protein, BUN, Ca, Mg, P
and blood pH. '

Becausé of the effect of the experimental procedures observed in the collegtion .
of the serial samples in the experimgnta] controls, the first sanples (72 hours be-
fore inoculation) from Group I and the time 0 samples for Groub 11 are pooled as

‘the absolute controls.

Statistical Procedures

Mean valhes are reported with + one standard deviation. All data groups were
‘tested by the t test for significance of differences. Wher. the p value is less than
0.05, mean differences are stated to be significant. Relationships between observa-
| tion§ were tested by regression analyses or the Chi Sqﬁare test.

RESULTS

The intravenous inoculation of rhesus monkeys with ]08 S. typhimurium organisms

resulted in a febrile illness without gastrointestinal disturbance. The mean body
temperature and body weight of the Group i animals are charted in Figure 1. Mean
body weights in the Group Il monkeys are illustrated in Figure 2. Body weights for

Group II1 are found in Table [l. Blood cultures became positive for S. typhimurium
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in all inoculated monkeys?

In the Group I animals, a series of changes were observed in serum electrolyte
concentrations (Figures 3, 4 and 5). Serum sodium and chloride concentfations fol-
lowed simifar patterns after inoculation of the monkeys. Both:ions were signifi-
cantly elevated within six hours after the zero observation; an elevation of ap-
proximately 10 mEq/L persisted through the £irst 72 hours of infection. Between 72
and 120 hours, both fell to values not statisticaliy different from the baseline.

A significént rise Qas again observed at 168 hours in so&ium and ch]bride concen-
trations but returned to control values by 240 hours. The relationship to serum

sodium in the Group ! experiment is reflected in a regression equation: Serum (]

mEQ/L = Serum Na ° 0.73 - 3 (r = 0.90, n = 46). |

Serum potassium concentrations were significantly ]owered from the zero hour '
observations af six through 120 hours. Between 126 aha.lﬁs hours after inoculation,
there was a significant rise of 1 mEg/L. Thereafter, levels,wc;e not §1gn1ficant1y
differenf»from those before the study began. Muscle potassium concentration in
mEq/Kg fat free dry weight (FFDW) fell during the initial hours ther inoculation
reaching statistical significance at 72 hours. Between 120 and 168'hours after the
beginning of the experiment, mean muscle K concentratiohlincreased to control values
which persisted through the remainder of the experiment. A parallelism existed be-

tween the serum and muscle K concentrations. This is reflected in Figure 4 which

*Aithough similar in most respects, therg were minor differences between the Group I
and 111 experiments. The Group IlI énimais weighed 0.5 kg more at .the start of the
experimedt and'hqd a 10% loés of initial weight by 120 hours, a significéht]y great-
er loss of weight than was observed at this interval in Group I monkeys. All of the
Group 111 aniﬁals had persistent bacteremia at 120 hours, whereds only two of the

five Group | monkeys had S. typhimurium cultured from the blood at this time. These |

data suggest that the infectiqn may have been more severe in the Group III experi-

ments.
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illustrates this.relationship for Group I. Regreésion analysjs revealed that muscle
K mEa/Kg FFDW = Serum K ° 36.6 + 216 (r = 0.59, n = 40). The Group 111 data also
follow this relationsnip, without altering the equation (Figure 6).

In Group I, muscle sodium concentrations (Figure 3) did not reflect serum con-
centrations. Six hours after inoculation, there was a significant fall in muscle Na
at a time when serum concentrations rose significantly. There was an increase in
variation among the sodium concentraticns in muscle between 24 and 120 hours after
inoculation. This occurred because half of the animals developeq muscle sodium
Tevels approximately twice those of the éxperlmental controls and time zero obser-
vations. Between 120 and 168 hours of illness, muscle sodium decreased from'the
highest to the lowest levels observed during the Group I experiment. This fall 6f

approximately 200 mEq/Kg FFOW was statistically significant. It was associated

-with a significant rise of 26 mEq/L in serum sodium concentfation; Additional re-

ciprocal changes 1n serum and muscle Na were observed at 240 and 336 hours post
inoculation. The inverse relationship between muscle and serum sodium concentrations
between 120 and 336 hours after inoculation is véflected in a regression equation:
Muscle Na mEq/Kg FFOW = 371 - serum Na mEq/L "0.86 (r = 0.49, n = 20). This. re-
lationship did not exist betweén serum and muscle sodium concentrationsAbétween
zero and 120 hour;: | |
Muscle chloride concentrathms(Fjgure 5) fu:lowed'those of Na. The’changgs were'

not as large as thqse noted in sodium concentration, however, thg recipfocél relation;
ship between muscle and serum Cl concentrations was present between 120 and 336 hours
after ihoculation; muscle C1 mEq/Kg FFOW = 392 - serum Cl mEq/L-2.73 (r = 0.4, n B 20).

~ The effect of sepsis on myofibrillar nitrogen, c&]lagen nitrogen and neutral |
1ipid is illustrqted in Figure 7. During the early stage§ of infection, there was a
transiant drop in myofilirillar nitrogen, significant at 6 and 24 hours. At the same
time, a relative increase in collagen nitrogen was observed. Tissue lipids in-
creased significantly during the first 72 hours after inoculation, then fell to con-

trol lavels at 120 hours.
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Water content of muscle also changed during the period after inoculation. There
was an initial fall in muscle water followed by a mean rise of significant proportions
at 72 and 120 hours. The water content fluctuated between 120 hours and 336 hours
with the same pattern as observed for muscle sodium. There was a relaticnship be-
tween muscle water and sodium; muscle Na mEq/Kg FFOW = 3.1 ¢+ muscle water 1/Kg FFDS®
0.0037 (r = G.62, N = 40). If only the observations between 120 and 336 hours were
used, the regression coefficient increased to 0.71.
Group Il monkeys were subjected to surgery, chronic cannulation and chafr re-
straint. They also received intravenous fluld fnfusions of 5.5 hours duration
on the days when renal functions were measﬁred. The course of infection in this
. group'was identical to tha£ of the Group | monkeys. Instead of weight loss, these
restrained animals gained anvave}age of 387 gms and became visibly edematous (Figure 2).
‘The'effect of this experimental protocol on muscle K; Na and Héo was'indistinguishaple
from that observed in the Group l animals at 120 hours after 1noculation' Muscle
chloride in the Group [l monkeys was significantly higher at 120 hours. 232 + 90 vs
132 + 38 mEq/kg FFOW in Group I. Serum K was already reduced at -48 hours in the '
operated animals and remained low except for transient increases at 24 and 144 hOurS.
Serum Na fell in Group II, in dfstinction to the early rise observed in the Group I
mbnkeys who djd not receive water loads. Serum chloride con;entrations demonstrated
an ilnntical, rise 1n both groups after inoculation, howevér. this lacked statistical
;ignificance in Group LI because éf vartations ﬂn serum concentratfons at 0 hours.
. As fllustrateé in Figure 8, after infection was induced, the three day mean
urine volume ir:reased sigﬁificantly from 123 + 62 to 237.: 89 m1/24 hours. Theré_
was a iransient decline in urine vélume during the third day. Volume thereafter in-
creased progressively until 144 hours of observation. During the first 48 hours, the
urinary excretion of sodium appeared to parallel urinary volume. At 72 hours.'tﬁere
was 3 fall'in urine Na concentraiion which lasted through the fifth day of infection

(120 hours). During the first 48 hours, sodium excretion was sign-ficantly increased

e e e, ——

*fiqures illustrating these changes in muscle and serum in the Gruup Il monkeys are

aviilable from the authors or from the Houston Amdcmy of Medicine Library, Texas
Motical Centor, Housten, Texas 77020,
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by an average of 5 mEq/day when compared with the baseljne'and 72 to 120 hour col-
Iectibns. Urinary potassium excretion was significantly elevated by 24 hours, an
increase in excretion averaging 5 mEq/day during the period following inoculation.
The K loss.seemed unrelated to urine volume or sodium excretion.

When examined on a daily basis (Figure 9), glomerular filtration rate as re-
flected in creatinine clearance persisted at Sasal levels until the third day (72
hour collection). AAt this time, there was a 30% reduction in GFR . This reduc-
tion persisted through the fifth day (120 hours). The reduction in GFR coincided
with sodium conservation (Figure 8). Aniidiufesis. as measured by daily total
CHZO' also increased between 72 and 120 hours. Despite the 1ncreasing urine volume

during the week after inoculation antidfuresis was present except for a relatively
{sosmotic urine excreted during the 24 hours following fnoculation of the virulent
organisms. Serum osmolality was reduéed by 16 mOsm/Liter from baseline otserva-
tions during the entire seven days after inoculation,

Explanations for the alterations in renal funciion and muscle composition
were not found in the physiologic investigations (Table I). No statistical
differences were found in the entracell&lar space, or plasma volume. No changes
tn cardiac function could be documented. Inulin clearance measurement of GFR
confirmed the creatinine clear;nce observations indicating a 30! reduction in
glomerular filtration at 72 and 120 ;ours after inoculation. The alterations
in inulin clearance, however, did not achievé statistical signiflcaﬁce. No sig-
nificant alteration could be documented in effective renal(plasma flow (PAH
clearance) or filtration fraction. '

To explore the intracellular ﬁasis for the above described muscle changes
mofe fully, eight additional caged monkeys (Group IIl) were studied at 0 and 12Q
hours after inoculation. The range of determinations were expanded'in biood and
musclie (Table I1). The animals all bgcame'febrj)e with the infection. At 120
hours after intravenous inoculation, body weight had fallen to 90 + 3% of that
at the start of the experiment, Among the analyses performed on blood, the

following demonstrated significant reductions: Sodium, 7 wba/L, potasstum, 0.1
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mEq/L: chloride, 7 mEq/l; calcium, 0.6/0L and phosphorus 1.6 mEq/DL. The hemato-
crit fell by 6 vol %. Serum proteins, blood urea nitrogen, osmolality, pH and
magnesium concentrations were unchanged from zero hour observations.

Whole muscle aﬁalyses revealed a significant decrease in K, 45 m€q/kg FFOW.
Potassium concentration on a whole muscle basis fell from 95 to 86 mEq/kg'FFHH.
hdwever. this did not.achieve statistical significance. When assayed on an intra-
cellular basis, K fell from 104 to 85 mEq/kg WW of fiber. This was a significant |
change. In addition, intrafiber water content increased from 2.3 to 3.6 mEq/kg oW
of fiber.

There have been few studies of muscle electrolyte metabolism 1nlthe‘maney; It
is of value to determine the éffects of the-experiment;l procedures, other than the

test inoculation of S. typhimurium, on these animals (Table III). The absolute

controls (Group 1, -72 hours and Group IIl, O hours}; with ﬁo prior intervention,
were compared with the experimental controls (Group I, -48, -24 and O hours) who
had been subjected to three days of testfnd and fhe operated controls !Group II,
-48, -24 and O hours) (Table IIl). Small but significant changes occurred in serum
Na and C) concentrations fn response to experimenta) procedures. These changes are
reflected in alterations in muscle H,0, Na and cl. iny'sery@ and muscle K concen-
trations were not influenced by the experimental proéedures (Group !){ hcwever,
serum K was reduced in the nperated controls (Group I1). Because of these small,
but nonetheless significant, biological responses to experimental procedures which
consisted of sedation, blood and muscle sampling and.temperature and weight measure-
ments, the time zero sample, the first of the expcrimental observations, is used

as the basis for comparison in Groups [, Il and .

DISCUSSION

The intravenous inoculation of the rhesus monkey with 108 Saiacaella typhimurium

produced a uniform sub-lethal, self-limited febrile illness. The relationship be-

tween inoculation and illnes:. was confirmed by the persistence of S: typhimurium

in blood cultures. All of thne Group [ anmmals had septicemia persisting to 72 hours;
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the Group Il to 96 hours; and Group 111 had persistence to 120 hours following in-
oculation. v

After 72 hours of infection, the average body weight began to fall in thé
Group 1 animals, reaching levels of significance at 168 hours and resulting in a
total loss of 10% of body mass at 336 hours post inoculation. In thé Group 111
gnimals. the loss of tody mass was more rapid, reaching 10% o? control weight at
120 hours. The chair-restrained Group 11 animals gained_weight because of'the
water 1oading ‘and developed visible edena.

Six hours after fnoculation of the Group I monkeys with S. typhimurium, serum

concentrations of Na and C1 increased by approximately 10 mEq/L. At the same time,
serum K fell by C.8 mEq/L and there was a transient loss‘in muscle water of 450

mi/Kg of dry muscle solids. This was associated with a significant fall .in myo-

fibrillar nifrogen and increase in muscie collagen nitrogen and lipid. At this

time, muscle Na and C1/Kg FFDW fell significantly and K concentrations were rela-

tively unchanged. There was no evidence of total body dehydration as reflected

" in acute loss of body mass at this period.

The second phése of infection was associated with the febrile response which
lésted from 24 hours to 72 hours after inoculation. The trend in serum electro-
lyte concentrations, already evident ét six hours (increase in Na and C1 and fall
in ¥} was persfstent. The alterations in muscle, however, were very different.
Ouring this period, muscle water and sodium increased above the baseline, muscle
chloride concentrations returned to the nriginal levels but muscle K concentra-
tions continued to decrease, becoming statistically different from the zero hour
observations at 72 hours post-inoculation. Muscle myofibrillar and collagen
nitrogen returned.to original concentration in the dry huscle solids by 72 hours
but muscle lipid continued to increase up to that point. The water loadfng of ,
the Group I monkeys prevented the elevation of serum Na which had been observed
in Group'I. In Group 11, the postoperative serum K'concentrations. which were

low at 0 hours, remained low throughout the study. During infection, muscle compo-
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sition was very similar to that observed in the Group I aniwals, indicating
that although the water loading in Gfoup Il altered serunioncentrations. it -
did not alter the muscle respdnse. This éuggests thSt muscle hydration was /inde-
pendent of extracellular sodium or total osmolar concentration. '
In convalescence, after lysis of fever, muscle sodium and chloride concentratjons
which had fallen significantly in Group I during the febrile period, rose tq very
ﬁigh levels at 168 hours. Muscle water, sodium and chlqride concentrations all
fell significantly during the same interval. The increase in serum Na and (]
must have been due, in part, to the delivery.of these tissue componeﬁts intg the
extracellular fluids. This shift was associated with a diuresis as evidenced by

an average weight loss of 9%. Urine volume increased transiently: in Group Il

monkeys at 24 hours but sustained diuresis did not begin‘until the fourth day after
inoculation. Saluresis was evident at 24 and 48 hours but was followéd thereafter
by sodium retention. The rise in serum Na and C1 concentrations in Group I must
reflect the relative retention of these fons during early diuresis of fluids| de-
livered from the tissues after /2 hours of {llness. A fluctuating inverse relation-
ship observe& between serum and musclé Na'dn# Cl1 persisted throughout the remainder
of the Group ! convalescent period. The serum concentrations fell at 240 hours

when muscle concentrations of Na, C1 and HZO again fncreased. Fluctuations fin
_serum sodium concentration have been observed.dur1ng the convalescent period in -
other experimental infections such as Q fever (2). The periodicity of the recipro-
cal shifting of fons and water out of muscle observed in the present study c[nﬁot
be determined because of the long sampling intervals during convalescence. [t is
not certain that recovery was complete at 336 hours (14 days} following inocula-
tion; serum Na and C1 levels continued to be significantly greater than those agl
time zero, muscle Na and Cl1 were significantly less. Muscle and serule were
fully recovered after 168 hours. Muscle water, myofibrillar nitrogen and neputral

lipid concentrations were equivalent to the original observations but muscle

collagen nitrogen was low at the time of the final observation.
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The response of muscle K to S. typhimurium septicemia appears to be related

to renal wasting of this ion during the illness. It is clear that serum K concen;
trations are an important determinant of muscle K concentration.'a linear corre-
lationlexists between the two in experimental K deficiency in rats. The relatiod-
“ship is similar in this study (Figure 6). It is likely that renal K wastingeis
produced by the'hypermineralocorticoidi§m known to occur in the febrile period

of 1nfectious'di§eases. Potassium dgficiency could explain the increase in

muscle sodium observed in the febrile phase of the iliness, however, it ddes not
explain the increase in muscle watef; Overhydration of muscle is not found in
experimental K deficiency. Eight animals in the Group ill received a similar in-

oculation of S. typhimurium organisms and were studied at zero and 120 hours of

‘ 1lldess. Muscle responses in Group II] were similar to those observed in the

’ Grodp I monkeys. MuSclglpotas§ium was reduced by 50 and 45 mEq/kg FFOW in the

Group I and Ili monkeys respectively. Muscle water increased 0.4 and 0.3 liters/kg
FFDW in these two groups. The cellular nature of these alterations was investigated
by use of the Eléctron Microprobe. These observatioﬁs (Table II) indicated that
fiber hydration was significantly increased at 120 hours after infection. - Intra-
fiber potassium correlated with fiber hydration (Figure 10): K,.mEq/kg whole fiber =
126 - HZO’ L/kg dry fiber hydration. Muscle K/kg FFOW correlated with serum K,
both in Group 1 an¢ Il animals, offering evidence that a portion of the reduction

~ 1n muscle K was due to K deficiency which was reflected in both gerum and tissue.
Potassium deficiéncy. howevef, is associated with constant musc]e hydrafion and a
replacement of intracellular K wiih Na on an appfoximate]y equimolar basis. In

‘the Group 111 experiment, muscle fiber hydration was increzsed and intracellular
potassium was not replaced by sodium. From the intracellular ré]ationship revealed
" in Figure 10, it is apparent tﬁai intracellular K was diluted by a solution con-
~tatning approx1mafe1y 20 mEq of sodium and 10 mEq of chloride per liter.. Although
the reduction in mu;cle K-from potassium deficiency must play a rale in the loss

of cellular content of this ion, intracellular K is better correlated with intra-
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cellular water (r = 0.74) than extracellular potassium concentration (r = 0.4]).
Therefore, 120 hours after inoculation, the overhydration of the muscle ffber
plays a morc dominant role in the reduction of muscle K than does K de%icienCy.
The role of extracellular 6smolality bn the observed increase in fiber hydra—‘
tion seems negligible; there was no decrease in serum osmolality at 120 hours of
infection in the Group 111 monkeys. By exclusion, the intracellular hydration
change in muscle must be a consequence of altered cellular physiologic factors.
One of tnese is revealed by calculating the Na and K fiber content on a dry weight
basis..vThe sum of Na + K/kg dry fiber increases from 400+ 71 to 475 *+ 56. When
compared with fiber water, the regression coefficient for this relatfonship is
0.83.

As a background to the study of muscle electrolyte composition several organic
qomponeﬁts of muscle were analyzed. Total muscle lipid increased four-fold during
the 72 hours after inoculation then returned to baseline levels. Iﬁ'other studfes,

the alterations in lipid metabolism of the monkey with S. typhimurium sepsis have

been found to include a five-fold rise in serum triglycerides (48 hours) and an
inhibition of triglyceride clearance from blood (9,10). Although muscle 1lipids .
have not been previously reported in this illness, it is evident that muscle accumu-
lates lipids during this period of altered triglyceride metabolism.

Muscle myofibrillar nitrogeh was }éduced by approxjﬁately«ZO% 24 hours after
inoculation. There was a compensafory rise of collagen nitrogen in the fit free
dry mdscle so]idsL After 48 hours of infection, both nitrogen fractions coﬁid not
be differentiated from baseline observations. Studfés in rats infected with S.
typhimurium document ; flux of amiﬁo'acidlfrom muscle to liver (11). Some are in-
corporated into acute phase serum proteins, however, the major portion§ appear to
enter énergy producing pathways (11,12). This flux of amino aéids from muscle to
iiver, which peaks at 24 hours, is.associated with marked muscle protein catabolism
and increased anabolism in Iiver and kidney (5).

CONCLUSTONS

Potassium deficiency, reflected in serum and muscle K concentrations, was

MR L %et 5 A A S-SR B W N W WM
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present during the febrile period of experimental septicemia in monkeys. Over-
hydration of muscle wds evident within 24 hours after inoculation with S. typhi-
murium. This increased in association with an accumulation of muscle Na during
the febrile period. - Duringnconvalescence. there were reciprocal swings of serum
and muscle sodium, chloride and water content which presumably reflect the stepwise
return of extrarenal and renal mechanisms to normal. _ |

The overhydrated state of muscip in the febrile and convalescent periods is in-
consistent with the known responses of experimental animals to K depletion. Aﬁ
eleétron microprobe evaluation qf intrafiber concentration confirms that intra-
cellular'overhydéation was present, independent of k deficiency, and that‘intra-
fiber hydration played the dominant role in algered whole muscle and fiber k con-
centrations.. The fact that serum osmolality was'unchanged 1nd1c$tes'that intrinsic
céllhlar factors ware responsible for the ac;umulatfon of muscle water. Within the
muscle fiber an accumulaticn of a solqtién of intracelld1ar‘f1ujd containing ap-
proximately 20 mEq of Na and 10 mEq of C1 was documented.

During convalescence, a reciprocal divergence between the muéclé and serum

sodium concentrations was observed. After 72 hours of illness, muscle Na continued

to increase while serum Na fell. This occurred during the period of maximal sodium

conservation by the k{dney. 'This also coincided with the period of diuresis and
rapid weight loss. The simple explanation of the divergence'befﬁeen serum and mus-
cie Na concentrations may be the shifting of sodium into mﬁscle. At 168 hours,
this shift was reversed with a profound fall in muscle Na and a rise of serum Na

to very high values. Urinary Na excretion became elevated at this period after

inoculaticn with S. typhimuriwi. It would appear that urinary excretion paralleled

" the oscillation of serum Na concentration as the ion shifted transienfly into éﬁd
out of muscle. The rise in serum Na at )68 hours was associated with a return of
musclelhydration to normal. The sequence of renal events reflected an interplay
between altered filtered load, due to tissue shifts, and altered tubu]ar function,

in response to aldosterone and antidiuretic hormones, resulting in an overlapping
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Figure 1, Group I:

ligure 2, Group 1I:

Figure 3, Group [:

Figure 4, Group I:

Figure 5, Group I: .

Figure 6, Groups I

and 11II:

Figure 7, Groub I:

Figure 8, Group II:

LEGENDS TO FIGURES A
Effeqt of S typhimuriun sepsis on body temperature (F°) and
body weight (% of initial). The six hour observation is indi-
cated independently; all others were made between 9 and il ﬂ.ﬁ.
Means and SD are given for each observation. |
Body weight (¢ of initial) in water loaded, restrained monkeys
receiiving inoculation at zero hours. |
Effect of sepsis on muscle Na (mEq/Kg FFOW) and serum Na (mEq/L)
The mLan values different from time O are indicated with (*),
those| different from 120 hours with (+). All differences are
p<0L050r less.
Effec; of sepsis on mq;cle.K (mEq/Kg FFDW) and serum Na (mEq/L).

Symbols as in Figure 3, A
" Effect of sepéis on muscle C1 (mEq/Kg FFOW and serum CL (mEq/L).
. Symbols as in Figure 3.

Relatjonship between muscle potassium (mEq/Kg FFDW) and serum
potassium (mEq/L). Group I animals indicated in solid circles,

Group |II1 in open circles. The calculated slope is muscle K,

- serum K * 36.6 + 216 (r = 0.59, n = 40).

tffect of sepsis on muscle water, nitfogen fractfon; and total
11pid} Muscle water (L/Kg FFDW) was related to muscle sodium,
musclé Na = 3.1 + muscle water * 0.0037 (r = 0.62, n = 40).
Myofibrillar N (MFN). was decreased at 24 hours and collagen N
incredsed. Muscle 1ipid'increased. peaking at 72 hours. 'Syh-

hols ds in Figure 2. ;

Effect of sepsis on urinary excretion, Control observations

began (24 hours after the animals had surgical implantation of
catheters and were restrained in metabolic chairs. The animals

received S. typhimurium intravenously at time zero. The urine

volunie is given in m1/24 hours and Na and K 1in mEq/24 hours.

i . : .
Means and SD are given for each obs2-vation.
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volume is given in m1/24 hours and Na ind K in mEq/24 hours.
Means and SD are given for each observation. |
Figure 9, Group II: Effect of sepsis on renal function. Glomerular filtration
was estimated by creatinine cleirance. ml/min, ‘Free‘water
Clearance is a measure of solute-free water removed during
‘passage through thc,tubuie. ul/min. ﬁ negative vaiue indicates
, gntidiuresis.
| Figure 10, Group I11: Relationship between fiber water and clectrolyfe concentrations
| as determined by Eiectron Probe analyses. Potassium: closed
circles, sodium: oben circles and chloride: pluses, mEq/kg of
whole fiber. Intrafiber water on abscission, L/kg DS. The
equation used to determine the ﬁlopes 11lystrated were as
follows: Fiber K, mEq/kg whole fiber = 126 - HZO..L/kg DS - 10.9
(r = 0.74, n = 16); fiber Na, mEq/kg who'as fiber = 23 - "20
L/kg DS - 1.1 (r = 0.16, n = 16); and fiber C1, mEq/kg whole
fiber = 11 + HéO. L/kg DS - 0.1 (r = (.01, n = 16).
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